Abstract--Color variations from brown to yellow of synthesized goethite have been studied colorimetrically and spectroscopically. Goethite with various colors was synthesized at pH 13 and 40~ by varying the incubation time. Colorimetry revealed that the b* value (yellowish chroma) in L*a*b* color space was a quantitative indicator of color variations of the diluted samples. From UV-VIS-NIR spectra, the increase in the b* value was found to be caused by the increase in crystal field absorptions due to goethite formation around 500 nm. The b* value was a good indicator of the relative proportion of goethite in the precipitates including ferrihydrite. X-ray diffraction patterns and infrared spectra revealed that crystallization of goethite was associated with loss of water from the proto-ferrihydrite.
INTRODUCTION
Colors are the most obvious and the most significant characteristics of soils and have been measured by means of visual and spectroreflectance methods (Shields et al., 1968; Torrent et aL, 1980; Torrent et al., 1983) . Soil colors generally have some red and yellow colors due mainly to the presence of various kinds of ironbearing minerals. Among these, goethite, hematite, and poorly ordered ferric oxyhydroxides (Schwertmann and Taylor, 1989) , generally called ferrihydrite (Towe and Bradley, 1967; Eggleton and Fitzpatrick, 1988; Combes et al., 1989) are abundant. Reaction pathways and reaction rates for these phases are sensitive to natural conditions such as temperature, pH, humidity, organic matter, and other impurities (Murray, 1979; Schwertmann, 1985; Schwertmann et al., 1986; Schwertmann, ! 988a) . Color is one of the most distinguishing features of iron oxides. Since the color is influenced by crystal structure, crystal size, morphology, and cation substitution (Schwertmann, 1991) , it is important to make clear links between these factors and color for identification of constituent phases of soils (Karmanov and Rozhkov, 1972) . However, studies focused on quantitative color measurements of the iron oxides are limited (Schwertmann, 1985; Kosmas et al., 1986) .
Among previous simulation experiments in the laboratory, the simplest systems include a transformation of ferrihydrite to goethite (Lewis and Schwertmann, 1980; Schwertmann et al., 1985) or into hematite (Johnston and Lewis, 1983; Combes et al., 1990) . Appearance of these phases in certain systems is dependent on the pH condition (Schwertmann and Murad, 1983) . The most accepted reaction pathway is an inCopyright 9 1992, The Clay Minerals Society ternal dehydration of aggregates for a transformation to hematite, or a dissolution of ferrihydrite and reprecipitation of goethite for goethite formation (Feitknecht and Michaelis, 1962; Schwertmann and Fischer, 1966) . Since the color is dependent on the crystallinity of these phases (Schwertmann, 1988b) , quantitative descriptions of the color change might be useful to examine these transformations. Recently, simple and instant color measurements of rocks and sediments became possible using a colorimeter (Nagano and Nakashima, 1989; Nagao and Nakashima, 1991; Nakashima et al., 1992) . As a preliminary study to clarify a reaction mechanism for a crystallization of ferrihydrite to goethite in the natural system, a laboratory experiment was conducted to quantify colors of precipitates and to relate their changes to goethite crystallization at pH 13 and 40~ where the color change associated with the goethite crystallization is easily observed.
The colors of goethite observed with the naked eye varied from brown to yellow as a function of incubation time. The colors of diluted samples with KBr powders were measured by means ofcolorimetry and described in terms of the Munsell system and the second CIE (Commission Internationale d'Eclairage) 1976 color space, called L*a*b* color space. The samples were then subjected to ultraviolet-visible-near infrared (UV-VIS-NIR) diffuse reflectance spectroscopy to obtain the spectral evidence for the color variation. Finally, based on a hypothetical reaction model concerning the crystallization of goethite from ferrihydrite, the crystallization kinetics was described and compared with the color variation.
Poorly ordered ferric gels were precipitated from 0.1 M ferric nitrate solutions by adding 2 M sodium hydroxide to obtain pH 13. The solutions were stirred continuously during the pH adjustment to avoid local precipitation. The suspensions were subdivided into twenty 50 ml polyethylene bottles. They were incubated in an oven at 40~ At specified intervals, a bottle was removed and the precipitate was centrifuge-washed twice with deionized water and freeze-dried. The samples were then slightly crushed by agate mortar to attain uniform grain size.
Analytical methods
Crystalline phases of the resulting precipitates were characterized by X-ray diffractometry (XRD) using a Rigaku powder diffractometer (CuKa radiation, 50 kV, 35 mA) equipped with the SUN data processing system.
Color measurements of the diluted samples were conducted using a colorimeter (Minolta Chroma Meter, CR-200). This colorimeter is equipped with a pulsed lighting system for stable and uniform illumination of the subject, photocells with filters to match the CIE standard observer spectral response, and electronic circuitry to determine accurate tri-stimulus values (Sugiyama, 1986) . Using the colorimeter, we can easily and instantly describe colors in terms of the values of standard color systems such as Munsell or the second CIE 1976 color space (L*a*b* color space). A white standard plate was used to calibrate the system before measurements. The small glass bottles containing the samples were mounted on the colorimeter, and the color measurements were conducted by condensing the reflection light from the bottoms of the bottles. The samples were mixed with KBr powders before this color measurement to keep the same condition as UV-VIS-NIR and IR analyses.
Ultraviolet-visible-near infrared (UV-VIS-NIR) diffuse reflectance spectra (250-1250 nm) were measured by a UV-VIS-NIR spectrophotometer (Hitachi U-3410). An integrated sphere (60 mm in diameter) with the inner part covered with white material (BaSO4), was installed to condense the diffuse reflectance light. KBr powders were used as reference to keep the same reference conditions as infrared study. The sample holder with quartz window containing about 500 mg of samples was utilized. The spectral data in the wavelength region of 250-1250 nm were transmitted to a personal computer (NEC PC-9801LX) to carry out detailed data processing.
Infrared diffuse reflectance spectra (250-4000 cm ~) of the samples were measured by an FT-IR instrument (JEOL JIR-3505). Diffuse reflectance spectroscopy (DRS) is a useful method for quantitative analyses because sample preparation is simpler than the KBr pellet method. A half spherical mirror (Spectra Tech's Collector) was installed in the spectrometer to collect diffuse reflectance light from the sample surface. KBr powders were used as reference. Twenty milligrams of sample powders were mixed with about 1000 mg of KBr powder. A stainless steel pan containing about 500 mg of sample was utilized in the diffuse reflectance equipment. After purging the sample container by dried air, 100 measurement scans were conducted with a spectral resolution of 4 cm 1.
To relate the diffuse reflectance to absorption spectra, we used the Kubelka-Munk function. According to the Kubelka-Munk theory (Kubelka and Munk, 193 l) for an infinitely thick layer, the Kubelka-Munk function F(R) is given as
where R is diffuse reflectance, k the absorption coefficient, and s the scattering coefficient. Calibration curves for infrared spectra and UV-VIS-NIR spectra were made on the mixtures of commercial goethite and KBr powders. According to the calibration curves, the linearities of F(R) hold for the range from 0 to 5 wt. % of goethite. Consequently, samples used in these measurements were mixtures of 20 mg of precipitate and 1000 mg of KBr, i.e., 2 wt. % of sample. Measurements were conducted three times for infrared spectrometry and colorimetry and two times for XRD and UV-VIS-NIR spectrometry.
RESULTS AND DISCUSSION

X-ray diffractometry
X-ray diffraction patterns for samples with different incubation times are shown in Figure 1 . In all figures in this study, SGx represents a result for a precipitate with x hours of incubation time. Only goethite was identified as a crystalline phase. Intensities of all the peaks for goethite increased with incubation time. Two broad bands observed around 34 ~ (2.63/~) and 61.5 ~ (1.51 /~) in SGo are due to poorly crystalline iron hydroxides (Okamoto, 1968) , generally called 2-line ferribydrite or proto-ferrihydrite (Chukhrov et al., 1973) . This phase is considered to be a precursor of goethite because characteristic goethite XRD peaks appear at the two bands and increase in intensity with crystallization.
Color measurement
The results of color measurement for the precipitates are shown in Degrees 20 (CuK a) Figure 1 . X-ray diffraction patterns for the iron hydroxide precipitates with 0, 1, 3, and 24 hours of incubation time, labelled as SG0, SGt, SG3 and SO24, respectively. Only goethite was identified as a crystalline phase. Two broad bands around 34 and 61.5 *20 in SGo are due to poorly ordered iron hydroxides, termed proto-ferrihydrite.
(SGo) is pinkish gray in color and the diluted goethite (SG57) is yellow (Munsell Book of Color, 1976) . However, ferrihydrite produced alone clearly has a brownish color. Therefore, the dilution with KBr to 2 wt. % of proto-ferrihydrite resulted in the pinkish gray color. The color description based on the L*a*b* color space shows that the incubation has no influence on values Since the +a* axis corresponds to red and +b* to yellow, this result means that the color variations of ferrihydrite correspond to increases of both red and yellow chroma. Actually, change in red chroma is hardly recognized with the naked eye. Therefore, the b* value can be a quantitative indicator for the color variations of the precipitates during the incubation. Since crystallization of goethite depends on the incubation time as shown by XRD (Figure 1 ), crystallization is associated with color variation mainly along the +b* axis, i.e., the increase of yellowish color. Figure 3 shows the UV-VIS-NIR (250-1250 nm) spectra of the precipitates with incubation times of 0, 6, 8, 12, and 21 hours. Three broad absorption bands around 500,640 and 870 nm indicate gradual increases during the incubation. These bands have been considered to be associated with crystal field absorptions of Fe 3 § in octahedral coordination with oxygen in the goethite crystal structure; the band around 500 nm is due to the transition of 6A~ -. (4A~v 4Eg), 640 nm due tO 6A,g ~ 4T2s , and 870 nm due to 6Alg ~ 4Alg (Singer, 1982; McCord et al., 1982; Burns, 1985) . A saturated band below 400 nm is due to a paired Fe 3+ -, 02_ charge transfer, which extends to the shorter wavelength region (Singer, 1982) . Ferrihydrite is known to contain 6-fold coordinated ferric ions Eggleton and Fitzpatrick, 1990) , and possess a goethite/akaganeite-like local structure around Fe that remains during the transformation of ferrihydrite to goethite (Combes et al., 1989 . A broad band below 750 nm in SGo can be explained as a combination of the charge transfer and the variation of 6-fold coordination environments around the Fe. The goethite crystallization is considered to be relevant to a decrease in disorder in these coordination environments, resulting in the increased absorption band in the spectra. Since no significant peak shifts to a lower wavelength region were observed during the incubation, the crystallization of precipitates is not associated with an increase in the crystal field splitting parameter. Band areas around 500 nm were calculated from the wavelength regions of 452-567 nm of the absorption spectra, which was obtained by the Kubelka-Munk transformation of transmittance spectra. Secondary de- gree curves were employed as the baselines. A band area in SGo was set to be 0 and those in the other samples were determined as relative values. As is shown in Figure 4 , the band areas increased with the incubation time, in a similar manner to the increase of b* (Figure 2b ). In the color measurements by the colorimeter, the b* values were calculated based on the data from 400 to 600 nm (Sugiyama, 1986) , so b* values are reasonably related to the presently-discussed band areas in the UV-VIS-NIR spectra. Figure 5 shows the correlation between the two values, band area and b*. The positive correlation between the two is recognized. 
UV-VIS-NIR diffuse reflectance spectroscopy
500nm band area
Correlation between b* values measured by the chroma meter and band areas around 500 nm of UV-VIS-NIR spectra. It is observed that the increase in b* value corresponds to the increase in the band areas. The increase in the b* value during the incubation time is caused by the increase in goethite crystal field absorption around 500 nm.
From the result, a main indicator of color variations of the precipitates along the b* axis is well correlated with an increase of the absorption band area around 500 nm in the UV-VIS-NIR spectra produced by the incubation of goethite.
Infrared diffuse reflectance spectroscopy
Infrared diffuse reflectance spectra for the precipitates with different incubation time are shown in Figure  6 . The following 4 peaks are associated with goethite: 3155 cm -~ due to O-H stretching vibration, 890 and 795 cm -~ due to O-H bending vibration, and 640 cm -~ due to Fe-O lattice vibration. The intensities of these peaks apparently increase with the incubation time. On the other hand, the following 4 peaks decrease the infrared absorptions: 3400 cm -~ due to stretching vibration of incorporated H20 into the precipitates, 1630 cm-~ due to bending vibration of the incorporated H20 (Glemser, 1959 : Nobuoka, 1965 , and 1510 and 1345 cm-I due to coordinated or adsorbed carbonate (Amonette and Rai, 1990) . The last three peaks were observed also for completely amorphous iron precipitate (Van Der Woucle and De Bruyn, 1983) . A sharp peak Time (h) Figure 7 . Time evolution ofgoethite proportion determined by peak heights at 21 ~ in XRD and peak areas at 890 cm in infrared spectra. In both analyses, the proportions increase with the incubation time until about 24 hours and saturate beyond that time. The proportions by XRD are slightly larger than those by infrared spectra.
at 1384 cm -~ in all spectra is due to incorporated or adsorbed NO 3- (Rao, 1963) . A peak at 1265 cm ~ in SG3, SGlo , and SG24 is due to adsorbed HCO 3 (Amonette and Rai, 1990) . A weak band at 850 cm -~ in SG0 spectrum is due to NaNO3 (Nyquist and Kagel, 1971) . During the incubation, goethite crystals are gradually formed and revealed by increases in the infrared absorption at 3155, 891, 795, and 640 cm J. Simultaneously, the initial precipitates liberate the incorporated molecular water, characterized by infrared absorptions at 3400 and 1630 cm L These results indicate clearly that the crystallization of goethite is accompanied by a dehydration reaction of proto-ferrihydrite.
Quantification
For a quantitative evaluation of goethite crystallization from proto-ferrihydrite, goethite contents in bulk samples were determined by XRD and infrared spectroscopy. The height of an XRD peak at 21 ~ (4.18 A), which has the strongest intensity among the goethite reflections, and an infrared peak area at 890 cm were chosen as indicators ofgoethite content. The XRD peak heights were calculated after smoothing the diffraction patterns and removing the background. The infrared peak areas were calculated after transforming the transmittance to absorbance by using the KubelkaMunk function and removing the background. In both analyses, the goethite content increases up to 30 hours and becomes constant (Figure 7) . The crystallization of goethite from proto-ferrihydrite seems to follow a pseudo-first-order reaction, which indicates an exponential decrease in the residual ferrihydrite and an exponential increase in the goethite (Lewis and Schwertmann, 1980; Schwertmann and Murad, 1983) . Then the data in Figure 7 were fitted to the equation, f = C~ -C2.exp(-C3-x) (fis an XRD peak height or an IR peak area, x is the incubation time, C1, C2, and C3 are constants), by a least squares fitting method and normalized using the saturated value (the Ct in the equation). The proportions determined by XRD are recognized to be slightly higher than those by infrared spectroscopy. Figures 8a and 8b show correlation between the b* value of diluted samples measured by the colorimeter and the proportion determined by XRD and IR, respectively. Positive relationships shown in the two figures indicate that the b* value is a simple and quantitative indicator for the proportion ofgoethite during the crystallization from proto-ferrihydrite.
